Here we report the cloning of a Xenopus frizzled transmembrane receptor, Xfz7, and describe its expression pattern during early embryogenesis. Xfz7 mRNA is provided maternally and zygotic transcription peaks in gastrula stages. At that time, transcripts are preferentially localized to the marginal zone and become restricted to distinct regions of the tadpoles in tailbud stages. Overexpression of Xfz7 in embryos perturbs the morphogenesis of trunk and tail, blocks convergence-extension movements in animal caps induced with activin and dorsal lip explants and decreases cadherin-mediated cell adhesion. Xfz7 can interact speci®cally with Xwnt-8b and signal in the canonical, dorsalizing Wnt pathway. Overexpression of Xfz7 does not trigger the Wnt-1-type pathway but acts in a non-canonical Wnt or morphogenetic-effector pathway involving the activation of protein kinase C (PKC). Xfz7 seems to be involved in different aspects of Wnt signaling during the course of embryogenesis. q
Introduction
Wnt proteins are secreted, cysteine-rich ligands which can be found throughout the animal kingdom from worms to mammals. In vertebrates, the Wnts function in the control of body axis determination, dorso-ventral limb polarity and regional patterning of the brain. On the cellular level they regulate cell fate, cell motility and proliferation (Dale, 1998) . Based on overexpression experiments in cell culture and Xenopus embryos, the Wnt ligands were functionally divided into two classes: the transforming, axis inducing or dorsalizing class (Xwnt8, Xwnt-8b, Xwnt-3a, Mwnt-1, Mwnt-3a. Mwnt-7a) and the non-transforming class (Xwnt-5a, Xwnt-4, Xwnt-11, Mwnt-4, Mwnt-5a, Mwnt-6) (Moon et al., 1993b; Wong et al., 1994; Du et al., 1995; Torres et al., 1996) . The transforming class of Wnt ligands triggers a signaling cascade referred to as the canonical Wnt or dorsalizing pathway. Genetic analysis of this pathway in Drosophila as well as experiments in Xenopus embryos and cell culture systems have revealed the intracellular components which transmit the Wnt signal from the membrane to the nucleus (Cadigan and Nusse, 1997) . This involves the cytoplasmic proteins dishevelled (Dsh), glycogen synthase kinase-3b (GSK-3b )/shaggy, APC and axin. These proteins regulate the nuclear localization of b -catenin/armadillo and Lef-1/Tcf3/pangolin which is required for the regulation of gene activity (Moon and Kimelman, 1998) . Examples of target genes of the canonical Wnt pathway in Xenopus embryos are the TGF-b growth factor nodal related-3 (Xnr-3) (Smith et al., 1995) and the homeobox gene siamois (sia) (Lemaire et al., 1995; Brannon and Kimelman, 1996; Kessler, 1997) , which are both involved in the establishment of the dorsal side .
The non-canonical Wnt pathways or morphogeneticeffector pathways are much less well understood but they play a role in the regulation of cell polarity in Drosophila, in asymmetric cell division in C. elegans and modulation of morphogenetic movements in Xenopus (reviewed in Cadigan and Nusse, 1997; Dale, 1998) . Heterotrimeric Gproteins are thought to transmit the signal and trigger a number of cellular responses such as the release of Ca 21 from the endoplasmatic reticulum and the activation of PKC (Slusarski et al., 1997a,b; Sheldahl et al., 1999) . Its yet unknown how the signals provided by the different classes of Wnt ligands are received by the cells.
Recently the frizzled family of transmembrane receptors has been identi®ed which are putative receptors for Wnt ligands (Bhanot et al., 1996) . The frizzled proteins have a cysteine-rich extracellular domain which may constitute the Wnt binding site. In addition, they have seven transmembrane domains and an intracellular carboxyl-terminal region, which can vary in size . This part of the protein contains the S/T-X-V motif which can interact with PDZ domains, a motif found in proteins such as Dishevelled and which may be essential for at least some aspects of frizzled activity (Kornau et al., 1995; Bhanot et al., 1996) . The most convincing evidence that frizzled proteins are Wnt receptors comes from experiments in which cells ectopically expressing frizzled proteins are able to recruit Wnt ligands to the membrane, probably by direct binding. These experiments showed furthermore that there is ligand-receptor speci®city because several vertebrate frizzled proteins such as Mfz7, 8, 4 and Hfz5 could interact with Drosophila Wingless (Wg) while others such as Mfz3 could not (Bhanot et al., 1996) . Upon ligand binding, frizzled receptors may selectively trigger the canonical or non-canonical Wnt pathways.
In Xenopus embryos, Xwnt-8 in combination with Rfz1 or Xfz8 activates the canonical Wnt pathway monitored by the activation of the target genes Xnr-3 and sia and induction of complete secondary axes (Deardorff et al., 1998; Itoh et al., 1998; Yang-Snyder et al., 1996) . In overexpression experiments, the dorsalizing Wnt pathway can be activated arti®-cially by Wnt ligands which do not normally activate this signaling cascade. When Xwnt-5a is expressed together with Hfz5, secondary axes were induced in Xenopus embryos, whereas neither of these proteins alone are able to do so (He et al., 1997) . Experiments in zebra®sh and Xenopus embryos have shown that overexpression of Xwnt-5a alone or in combination with Rfz2 triggers the release of intracellular calcium and activates PKC isoforms, which is indicative of a non-canonical Wnt signaling or morphogenetic-effector pathway (Slusarski et al., 1997a (Slusarski et al., ,b, 1999 . These data suggest that the receptor is the crucial component for the selection of speci®c branches of the Wnt pathway. It begs the question however, whether there are speci®c frizzled receptors for the dorsalizing and the morphogenetic-effector pathway or whether one receptor is able to activate both pathways dependent on the ligand bound.
Here we report the cloning and characterization of Xenopus frizzled 7(Xfz7). Overexpression of Xfz7 alters cell adhesion and inhibits morphogenetic movements. We present evidence that this receptor can interact with Xwnt-8b and that it is able to act on the canonical as well as the noncanonical Wnt pathway. The implications for early embryogenesis are discussed.
Results

Xfz7 is a member of the frizzled transmembrane receptor family
A Xenopus neurula (stage 18) cDNA library was screened under low stringency conditions with a probe containing the complete coding region of zebra®sh frizzled 5. Five positive clones were obtained and the one with the longest insert (4 kb) was sequenced. It contained an open reading frame of 549 aa and 1927 bp of 3 H untranslated sequence. The Xfz7 protein can be divided into three domains. An N-terminal cysteine-rich domain, seven transmembrane domains and a C-terminal intracellular tail. Sequence comparison with frizzled proteins from other species showed 88% identity to mouse frizzled 7 (Mfz7) on the amino acid level. On the nucleotide level, the identity of Xfz7 and Mfz7 in the cysteine-rich domain was 86%, in the transmembrane and the carboxyl-terminal 82%. The carboxyl-terminal, intracellular tails of Xenopus and mouse frizzled 7 are short (26 and 25 aa, respectively) . This part of the proteins contains a S/T-X-V motif which presumably is the binding site of the PDZ domain found in proteins such as dishevelled (Fig. 1A) . The protein contains a putative N-terminal signal peptide, a cysteine-rich domain (CRD) containing 10 cysteine residues, seven transmembrane domains with seven hydrophobic stretches, and a small C-terminal tail of 26 amino acids with a S/T-X-V motif region. Recently, Xfz7 cDNA sequences have been reported in GenBank database by other groups (accession numbers: AJ243323, AF114151 and Wheeler and Hoppler, 1999) . (B) Temporal expression of Xfz7 mRNA during Xenopus development. Northern blot analysis was carried out using total RNA from mature oocytes (stage VI) and different embryonic stages (1.5 oocyte/embryo equivalent). The full length Xfz7 cDNA labelled with 32 P was used as hybridization probe. A 4-kb Xfz7 transcript is expressed in oocytes and persists during early cleavage stages. Zygotic transcripts peak at stage 11. As loading control, the 18S Ribosomal RNA was stained with ethidium bromide.
Xfz7 is expressed in the ectoderm and mesoderm of Xenopus embryos
The expression of Xfz7 mRNA during Xenopus embryogenesis was analyzed by Northern blots, RT±PCR and whole-mount in situ hybridization. A transcript of 4 kb is present in eggs and zygotic transcription peaks at stage 10-11 (Fig. 1B) . Maternal Xfz7 transcripts were detectable by RT±PCR in oogenesis stage I-VI (data not shown). Wholemount in situ hybridization in two and eight-cell embryos demonstrated that the maternal transcripts of Xfz7 are localized in the animal region ( Fig. 2A,B) . In an RT±PCR assay with dissected gastrula embryos, Xfz7 transcripts were preferentially found in the marginal zone and in lower abundance in animal caps (data not shown). Whole-mount in situ hybridization showed that zygotic, Xfz7 transcripts are localized on the dorsal side at early gastrula stages (Fig. 2C,D) . As gastrulation proceeds, the expression domain expands ventrally, forming a ring in the marginal zone (Fig. 2E) . During neurula and early tailbud stages, Xfz7 expression becomes restricted to three domains: (1) An anterior domain occupying about one third of the embryo; (2) the posterior domain in the tailbud region; and (3) the pronephros region. Tailbud and pronephros expression domains were transient and disappeared around stage 35 while the anterior domain persisted. The cement gland was devoid of Xfz7 staining in all embryonic stages analyzed (Fig. 2F±J ).
Overexpression of Xfz7 perturbs trunk and tail formation
Because the zygotic expression of Xfz7 starts in the dorsal marginal zone, we hypothesized that it may execute a function in the dorsalization process. To test this possibility, synthetic mRNA for Xfz7 (0.2±1 ng) was microinjected into the ventral side at the four-cell stage and the formation of secondary axis was scored. Even in embryos injected with high amounts of Xfz7 mRNA, no ectopic axes were observed. This indicates that Xfz7 is functionally different from Xfz8, which is expressed in the dorsal marginal zone at gastrula stages and is able to induce ectopic body axes upon overexpression (Deardorff et al., 1998; Itoh et al., 1998) . When Xfz7 mRNA was overexpressed in the marginal zone, the embryos developed no phenotypic differences compared to controls until the late gastrula. At tailbud stages, however, the injected embryos displayed reduced trunk and tail structures and were often kinked (Fig. 3B ). The formation of anterior structures such as eyes or cement gland was unaffected in these embryos. Lineage tracing experiments using b -galactosidase coinjected with Xfz7 mRNA showed that the cells overexpressing Xfz7 were not distributed in the embryo but stayed together as a clump (Fig. 3C ). This suggests that these cells are impaired in the ability to perform morphogenetic movements.
The perturbation of cell movements became apparent at gastrula and neurula stages when the expression of the early marker genes brachyury (Xbra) and chordin (chd) was analyzed in uninjected and Xfz7-injected embryos. In this set of experiments, Xfz7 RNA was targeted to the marginal region of all blastomeres of four-cell stage embryos. In early gastrula stages, the expression patterns of Xbra and chd in Xfz7-injected samples were indistinguishable from those observed in uninjected embryos but clear differences were recognizable in late gastrulae (Fig. 4A±D,G±J) . chd-expressing cells were found in the lateral regions of the blastopore in Xfz7-injected embryos, whereas in the controls this population of cells had converged into the dorsal aspect of the mesoderm (Fig. 4C,D) . The circumblastoporal expression domain of Xbra was wider and more irregular and the dorsal midline domain was widened and shortened in the Xfz7-injected embryos compared to control stage 12 embryos ( Fig. 4I ,J). The perturbed expression pattern of chd could still be seen at stage 18. Clusters of chd-positive cells were found at the posterior end of the body where the blastopore had closed irregularly (Fig. 4E,F) . At the neurula stage, the Xbra expression pattern displayed dramatic differences in Xfz7-injected and uninjected specimens. In the controls, Xbra expression was restricted to the posterior end of the embryo, in the prospective tailbud region, but Xbra transcripts were detected in ventrolateral positions in embryos overexpressing Xfz7 (Fig. 4K,L) .
Overexpression of Xfz7 inhibits morphogenetic movements
Further support for the notion that Xfz7 in¯uences cell movements came from experiments in which the elongation of animal cap explants stimulated with activin and dorsal lip explants was inhibited by the overexpression of Xfz7. Animal cap cells explanted at the blastula stage can be induced to form mesodermal tissue by the TGF-b growth factor activin (Smith, 1987) . Induction of dorsal mesoderm such as muscle and notochord cause an elongation of the animal cap explants whereas untreated explants form spherical clumps of atypical epidermis. When explanted animal cap cells were injected at the four-cell stage with Xfz7 and b -galactosidase mRNAs, activin-induced elongation was inhibited in 82% (n 62) of the explants (Fig. 5A±C) . The injection of b-galactosidase alone did not inhibit elongation (data not shown). To demonstrate the inhibiting effect of Xfz7 on morphogenic movements in the invaginating mesoderm, we performed time lapse microscopic analysis of dorsal lip explants. Left and right dorsal blastomeres were labelled at the eight-cell stage by injections of¯uor-escent dextran blue (DB) or¯uorescent dextran green (DG) to mark the left and right part of the dorsal lip at the gastrula stage. In addition to the¯uorescent markers, Xfz7 mRNA was coinjected into one side of the embryo. The dorsal lip region was explanted and cultured under a coverslip at early gastrula stages (see Section 4) and the elongation of the mesoderm was documented. The cells on the control side of the embryos injected with DG and b -galactosidase mRNA performed convergent extension movements and the tissue elongated within the 6 h of incubation (n 16). The cells that had received DB together with Xfz7 mRNA did not perform these morphogenetic movements and these parts of the explants did not elongate at all or to much lesser extent than the control sides (observed in eight out of nine explants) (Fig. 5D±G) .
In order to characterize the effect of Xfz7 overexpression on a cellular level, we tested the ability of animal blastomeres injected with Xfz7 mRNA to adhere to a substrate coated with the extracellular domain of C-cadherin, CEC1-5 (for details see Section 4) (Brieher et al., 1996) . Cells expressing green¯uorescent protein (EGFP) stayed attached to the cadherin matrix after the washing procedure (over 90%) in Fig. 6B,B H ,D, but cells injected with Xfz7 mRNA and EGFP mRNA showed reduced adhesiveness to this matrix resulting in the loss of 50% of the cells during the wash (Fig. 6C,C H ,D). This effect was seen in ®ve independent experiments and argues for a role for Xfz7 in the modulation of cadherin-mediated cell adhesion.
Taken together, the results of overexpression experiments using Xfz7 in whole embryos, animal cap explants and isolated dorsal lips, we conclude that this receptor can interfere with embryonic morphogenesis. This observation is supported by the adhesion assay which demonstrates reduced adhesive properties on a cadherin matrix by cells overexpressing Xfz7.
2.5. Xfz7 alone or in combination with Wnt-5a-type ligands can not activate the canonical Wnt pathway
The activation of the dorsalizing/canonical Wnt pathway can be monitored in the Xenopus embryos by the transcriptional activation of Xnr-3 and sia. These target genes are activated in animal caps overexpressing Wnt-1-type proteins such as Xwnt-8 or a subclass of frizzled receptors such as Xfz8. We therefore investigated whether the overexpression of Xfz7 alone or in combination with Wnt-5a-type molecules can activate the dorsalizing Wnt pathway similar to the combination of Hfz5 and Xwnt-5a (He et al., 1997) . In an animal cap assay, even high levels of injected Xfz7 mRNA failed to activate the transcription of sia (Fig. 7A) . When Xfz7 mRNA was coexpressed with Xwnt-4, Xwnt-5a and Xwnt-11 mRNAs, no activation of Xnr-3 and sia was observed (Fig. 7B) . This indicates that Xfz7 alone or in combination with Wnt-5a-type ligands cannot trigger the dorsalizing Wnt pathway. These results are in agreement with the inability of Xfz7 to induce secondary axis in ventral marginal zone injections. 2.6. Xfz7 can synergize speci®cally with Xwnt-8b in triggering the dorsalizing Wnt pathway Next, we investigated whether Xfz7 can synergize with Wnt-1-type ligands and enhance their dorsalizing activity. We therefore injected low levels (0.01±0.02 ng) of Xwnt-8 mRNA alone or in combination with 0.5 ng mRNA for Xfz7 or D CXfz7, a mutant lacking the intracellular domain, into animal blastomeres. Xwnt-8, as expected, stimulated the expression of Xnr-3, but no elevated levels of Xnr-3 transcripts were detected when Xfz7 or D CXfz7 mRNAs were coexpressed (Fig. 7C) . Xfz7 also failed to increase the axisforming activity of Xwnt-8, as judged by induction of secondary axis on the ventral side of the embryo (data not shown). Xwnt-3a, another member of the Wnt-1 ligand class, also failed to show synergistic activity with Xfz7 (data not shown).
In contrast to Xwnt-8 and Xwnt-3a, the combination of Xwnt-8b mRNA (0.02±0.1 ng) and 0.5 ng of Xfz7 mRNA in animal caps enhanced Xnr-3 expression compared to Xwnt8b alone. This stimulation was not observed with the construct lacking the intracellular domain, which is presumably involved in transduction of the signal (Fig. 7C ). This ®nding is in agreement with the phenotype of the injected embryos. Xfz7, but not DCXfz7, enhanced the axis-forming activity of Xwnt-8b (data not shown). These experiments demonstrate that Xfz7 can discriminate among Wnt-1-type ligands and interacts speci®cally with Xwnt-8b. In addition, the carboxyl-terminal tail of Xfz7 is necessary for transmission of the signal generated into the cell upon speci®c ligand-receptor interaction. This also indicates that Wnt-1-type molecules, despite their shared dorsalizing activity, may signal to distinct receptors. The fact that the maternal Xfz7 could interact with the maternal Xwnt-8b argues for an early role for these two proteins in dorsal axis speci®cation. 
Xfz7 can act in non-canonical Wnt pathway(s)
It has recently been demonstrated that Xwnt-5a and rat frizzled 2 (Rfz2) can act in a signaling cascade which is different from the canonical Wnt pathway. This non-canonical Wnt pathway seems to play a role in the regulation of morphogenesis. It involves frizzled receptors, the activity of G-proteins, the release of Ca 21 from the endoplasmatic reticulum and the activation of PKC (Slusarski et al., 1997a; Sheldahl et al., 1999) .
Because overexpression of Xfz7 interfered with morphogenetic movements we investigated whether Xfz7 can act in a non-canonical Wnt pathway and whether it can activate PKC. To test this, we injected mRNA for GFP-tagged PKC together with Xfz7 into animal blastomeres at the eight-cell stage. At stage 10 the animal caps were excised, ®xed and the cellular distribution of the GFP-PKC protein was analyzed (Fig. 8) . Activation of PKCa by elevated Ca 21 levels results in the recruitment of the protein to the plasma membrane. Membrane localization of GFP-PKC was observed in Xfz7-injected animal caps but not in caps expressing NXfz7-fun, a secreted form of the extracellular domain of Xfz7. Strong membrane staining was observed in Xwnt-5a-injected caps. This result indicates that overexpression of Xfz7 activates a non-canonical Wnt pathway leading to the recruitment of PKC to the membrane.
Discussion
Xfz7 and Xfz8 have different activity in the embryo
Apart from Xfz7, two other frizzled cDNAs (Xfz3 and Xfz8) have been described in Xenopus (Deardorff et al., 1998; Itoh et al., 1998; Shi et al., 1998) . Overexpression of Xfz8 in the ventral marginal zone induces secondary body axis and activates at least some of the molecular organizer markers (Deardorff et al., 1998; Itoh et al., 1998) . Injection experiments indicate that this receptor signals in the canonical dorsalizing Wnt pathway. Because the axisinducing ability of Xfz8 can not be blocked by a construct lacking the transmembrane and the intracellular domains, one can assume that the Xfz8 receptor is constitutively active and that the dorsalizing signal can be produced in the absence of the ligand. A similar scenario can been observed in other experimental systems. Overexpression of Rfz1 in Xenopus animal caps is suf®cient to induce sia, a target of the Wnt pathway, and Hfz5 induces secondary axis in zebra®sh embryos Nasevicius et al., 1998) .
Xfz3 is not able to activate the dorsalizing Wnt pathway and to induce secondary body axis. Xfz3 overexpression affects morphogenesis and perturbs cell movements in the embryo. The signal generated by Xfz3 does not act in the canonical Wnt pathway but might trigger a non-canonical morphogenetic-effector pathway (Shi et al., 1998) . The phenotype observed after overexpression of Xfz7 is very similar to that caused by Xfz3. Xfz7 inhibits morphogenetic movements in animal caps induced by activin, dorsal lip explants and whole embryos (Fig. 5) . These effects become Fig. 7 . Interaction of Xfz7 with Wnt-1 and Wnt-5a-type ligands. (A) Increasing amounts of Xfz7 mRNA (0.5±2 ng) were injected into animal blastomeres. Animal caps were explanted at stage 8.5 and cultured until stage 10. Expression of the dorsal marker siamois was assayed by RT±PCR. (B) Synthetic Xwnt-5a type-ligands (0.02 ng) (Xwnt-4, Xwnt-5 and Xwnt-11 mRNAs) alone or in combination with 0.5 ng of Xfz7 mRNA were injected into two animal blastomeres. Animal caps were explanted at stage 8.5 and cultured until stage 10 and expression of sia and Xnr-3 was analyzed by RT±PCR. Xwnt-8 mRNA (0.02 ng) alone but not Xwnt-5a-type ligands in combination with Xfz7 induced Xnr-3 and sia expression. (C) Xwnt-8b acts synergistically with Xfz7 to trigger the Wnt-1 pathway. Synthetic Xwnt-8 mRNA (0.02 ng), Xwnt-8b mRNA (0.02±0.1 ng) alone or in combination with 0.5 ng of Xfz7 or 0.5 ng of D CXfz7 mRNAs were microinjected into two animal blastomeres at the four-cell stage. Animal explants were dissected and analyzed for Xnr-3 expression by RT±PCR. apparent rather late, towards the end of gastrulation (Fig. 4) . Our cell adhesion assay further demonstrates that cadherinmediated cell adhesion is decreased in cells expressing Xfz7 (Fig. 6) . Like Xfz3, Xfz7 is not able to activate the dorsalizing Wnt pathway, as judged by secondary axis induction and target gene activation in animal caps (Shi et al., 1998) (Fig.  7) .
Xfz7 can act in the canonical as well as in noncanonical Wnt pathways
Xfz8 is a potent inducer of the dorsal marker genes sia and Xnr-3 and of secondary body axis when provided early in the embryo. This dorsalizing activity is enhanced when Xfz8 or Rfz1 are coexpressed with Xwnt-8 (Yang-Snyder et al., 1996; Itoh et al., 1998) . The interpretation of these results is that both proteins act in the canonical Wnt pathway and that they can interact synergistically. Xwnt-8b has 56% identity on the nucleotide level with Xwnt-8, is provided maternally and has a dorsalizing activity indistinguishable from Xwnt-8 (Cui et al., 1995) .
Coexpression experiments of Xwnt-8 and Xwnt-8b together with Xfz7 revealed unexpected differences in these proteins. Xwnt-8 and Xfz7 did not act synergistically in the induction of Xnr-3 but Xwnt-8b and Xfz7 did (Fig. 7) . The stimulation of Xnr-3 expression was not observed when Xwnt-8b and DCXfz7 were injected, indicating that the intracellular domain of Xfz7 is indispensable for this effect (Fig. 7) . Other Wnt-1-type ligands such as Xwnt-3a also failed to act synergistically with Xfz7 in this assay (data not shown). The combination of Xfz7 and members of the second class of Wnt ligands (Wnt-5a class) also failed to trigger the dorsalizing Wnt pathway (Fig. 7) . Such an arti®cial, but nevertheless speci®c, activation has been demonstrated for Xwnt-5a and Hfz5 (He et al., 1997) . Since the mRNAs and very likely the proteins of Xfz7 and Xwnt-8b are maternal and are localized in the animal region of the early embryo, they could interact there and activate Wnt1-type signaling. This signal, however, is not strong enough to activate the expression of sia or nr3. Elevating the level of receptor by overexpression of Xfz7 is also not suf®cient to induce the Wnt target genes. During cortical rotation, intracellular components of the canonical Wnt pathway such as b-catenin and Dsh are translocated to the dorsal side of the embryo and could reach the animal hemisphere expressing Xfz7 and Xwnt-8b (Larabell et al., 1997; Miller et al., 1999) . The combination of these activities on the dorsal side could generate a Wnt signal strong enough to activate target genes which are part of the Spemann organizer. The function of maternal Xwnt-8b and Xfz7 could be to sensitize the animal region of the embryo for Wnt-1-type signaling and, together with the cortical rotation, position the dorsalizing center.
The common view in Xenopus embryology, however, is that only components of the Wnt pathway downstream of the cytoplasmic protein dishevelled (Dsh) are involved in the early dorsalizing activity (Hoppler et al., 1996; Sokol, 1996) . Recent experiments in zebra®sh, however, argue that a frizzled receptor (ZfzA) is needed to generate dorsal structures (Nasevicius et al., 1998) . Antisense depletion experiments for Xwnt-8b and Xfz7 in Xenopus might be very informative and help to reveal the contribution of these two proteins in the early dorsalization process. Later in embryogenesis, the function of Xfz7 seems to be very different. Zygotic Xfz7 is involved in regulating cell adhesion and the control of morphogenetic movements. This could be achieved by the binding of Xfz7 to yet unidenti®ed Wnt ligands and through the activation of the non-canonical Wnt pathway. This pathway involves the activation of PKC and is probably not the equivalent of the tissue polarity pathway in Drosophila, which involves G-proteins and the activity of Rho and a Jun-N-terminal kinase (JNK) Boutros et al., 1998; Shulman et al., 1998) . Taken together, these data indicate that one frizzled receptor can be involved in different aspects of Wnt signaling depending on the ligand bound.
Experimental procedures
Egg and embryo manipulations
Eggs were obtained from Xenopus females injected with 300±400 units of human chorionic gonadotropin (Serva) and in vitro fertilization was done with macerated testes. The jelly coat was removed using a 2% cysteine solution (pH 8) Fig. 8 . Overexpression of Xfz7 triggers the localization of GFP-PKC to the membrane. (A) Embryos were injected into the animal pole with 0.4 ng GFP-PKC mRNA together with 0.05 ng of Xwnt-5a or (B) 0.25 ng Xfz7 or (C) 0.25 ng NXfz7-fun mRNA. At stage 10 the animal caps were explanted, ®xed and the localization of the GFP¯uorescence was determined. Membrane staining was observed in 77% (n 26) of the caps injected with Xwnt-5a and in 68% (n 38) of the caps expressing Xfz7 but only 11% (n 18) of the explants expressing NXfz7-fun displayed weak PKC membrane staining. and the embryos were microinjected in 1£ MBS-H (88 mM NaCl, 1 mM KCl, 2.4 mM NaHCO 3 , 0.82 mM MgSO 4 , 0.41 mM CaCl 2 , 0.33 mM Ca(NO 3 ) 2 , 10 mM HEPES (pH 7.4), 10 mg/ml streptomycin sulfate and 10 mg/ml penicillin). The embryos were cultured in 0.1£ MBS-H. Embryonic stages were determined according to Nieuwkoop and Faber (1967) .
Isolation of Xfz7 cDNA
A 32 P-labelled zebra®sh frizzled cDNA (gift of M. Furutani-Seiki) was used to hybridize a Xenopus Lambda ZAP cDNA library (Stratagene) from neurula embryos (NF-stage 18), under low-stringency hybridization conditions (2 £ 10 5 phage plaques were screened). The hybridization was performed in 5£ SSC, 5£ Denhardt's reagent, 42% Formamide, 0.5% SDS and 100 mg/ml of denatured, sonicated salmon sperm DNA at 378C and ®lters were washed with 1 £ 0.5 SSC and 0.5% SDS at 508C). A 4-kb phage clone was isolated and the in vivo excised pBluescript SK (2) phagemid was sequenced on both strands using the ALF-1 Sequencer (Pharmacia). Sequence data analysis was done using the Sequence Analysis Software MacVector TM 4.1 and the BLAST network (GenBank accession number AF179213).
Plasmid constructions and RNA injections
Sequence containing the EcoRI/XbaI fragment of Xfz7, which encodes the open reading frame, was generated by PCR and cloned into expression plasmid pCS21 (gift of R. Rupp). Two truncated versions of Xfz7 in pCS21 were generated. D CXfz7 lacks the 26 C-terminal amino acids and in the chimeric NXfz7-fun construct, the N-terminal domain (CRD plus the linker region) of Xfz7 was jointed with the fun domain of Xenopus Frzb-1 (Leyns et al., 1997) . Xfz7, DCXfz7 and NXfz7-fun constructs were linearized with Asp718 and capped synthetic sense mRNAs were generated using the SP6 mMessage mMachine Kit (Ambion). Linearized plasmid DNA from Xwnt-3a (linearized with EcoRI, transcribed with Sp6) (Wolda et al., 1993) ; Xwnt-8 (linearized with BamHI, transcribed with Sp6) (Christian et al., 1991) ; Xwnt-8b (linearized with Asp718, transcribed with Sp6); Xwnt-4 (linearized with SalI, transcribed with Sp6) (McGrew et al., 1992; Du et al., 1995) ; Xwnt-5a (linearized with XbaI, transcribed with Sp6) (Moon et al., 1993a) ; Xwnt-11 (linearized with EcoRI, transcribed with T7) (Ku and Melton, 1993; Du et al., 1995) ; EGFP (linearized with Asp718, transcribed with Sp6) were used as templates for in vitro transcription. For microinjection, the embryos were placed in agarose coated Petri dishes in 1£ MBS-H. RNA volumes between 5 and 10 nl were injected into embryos at the two or eight-cell stage. After injection, the embryos were cultured in 0.1£ MBS-H.
Northern blot analysis
Total RNA from ten eggs or embryos of different developmental stages were extracted using Trizol reagent (Gibco, BRL) according to the manufacturer's instructions. RNA was separated on formaldehyde gels and Northern blotting was done as described in Sambrook et al. (1989); Mu Ènch-berg and Steinbeisser (1999) . As a probe, the full length insert of the pBS(SK)Xfz7 cDNA was labelled with 32 P using the PrimeIt Kit (Stratagene).
In situ hybridization
Digoxigenin labelled Xfz7 antisense RNA was synthesized with T3 RNA polymerase from the pBS(SK)Xfz7 construct linearized with NotI. Whole-mount in situ hybridizations for Xfz7, chordin (Sasai et al., 1994) and Xbra (Smith and Harland, 1991) were done as described in Harland (1991) with a few modi®cations (Epstein et al., 1997) . Two and eight-cell stage embryos were ®xed and sectioned horizontally prior hybridization.
(Molecular Probes, Inc.), dextran cascade blue (DB) and dextran¯uorescein¯uoro-emerald (DG). Each explant was mounted on a cover slide which was ®xed in a metal ring and ®lled with Danilchik's modi®ed medium (53 mM NaCl, 10 mM Na 2 CO 3 , Potassium gluconate 4.25 mM, MgSO 4 1 mM, CaCl 2 1 mM, Bicine 6 mM, BSA 1% (pH adjusted to 8.3 with bicine)), and a second cover slide with silicone grease (Bayer) at the edges was placed on top to keep the explant¯at. Photographs were taken on an inverted microscope (Zeiss 135 TV) with a black and white CCDcamera (Sony) and stored on a laser disk. For each explant, an epiluminiscent photograph and a photograph of each of the two¯uorencences (using standard ®lters) was taken. The elongation of the dorsal lip explants was analyzed for 5±7 h. Dextran blue and dextran¯uoro-emerald¯uorescence photographs were false colored and an overlay of the three pictures was done using analySIS software.
4.8. Cell-adhesion assay 4.8.1. Preparation of C-cadherin (CEC1-5) protein for coating
Stably transfected CHO cells that secreted a His-tagged extracellular fragment of Xenopus C-cadherin (CEC1-5) into the medium were used as the source of protein. Protein puri®cation of CEC1-5 was done as described in Brieher et al. (1996) . The CEC1-5 was ®rst puri®ed via a metal chelating nickel column and then applied to an ion exchange column. CEC1-5-positive fractions were concentrated and buffered in 1£ MBS-H. Aliquots were kept at 2208C. Purity was checked by Western blotting and Coomassie staining (data not shown). For the adhesion assay, 20 ml droplets of a 20 mg/ml CEC1-5 were spotted on a 6 cm Petri-dish and incubated for 3 h. The spots were blocked with 2% BSA in 1£ MBS-H for 30 min, the Petri dish was then ®lled with 1£ MBS-H.
CEC1-5 adhesion assay
Embryos were injected with either Xfz7 mRNA and/or with EGFP (Clonetech) mRNA. Injections were performed at the four-cell stage and into all four animal blastomeres. At stage 10.5, four animal caps/sample were excised and the inner cell layer was separated manually from the outer epithelial layer. The inner blastomeres were then dissociated in 1£ Ca-Mg-free medium (CMFM) to single-cell suspensions and spotted on ®elds of CEC1-5 substrate. Blastomeres were allowed to attach to the substrate for 1 h before the assay was performed. The Petri dish was inverted in a tank ®lled with 1£ MBS-H and shaken horizontally using a Certomat w S (B. Braun Biotech International) at 55 rev./min for 5 min. Photographs of several CEC1-5 coated areas were taken before and after the wash and the number of blastomeres that contained GFP¯uorescence was counted.
Protein kinase C (PKC) assay
In vitro syntesized and capped RNA for GFP-tagged PKCa (0.4 ng/embryo) was injected into animal blastomeres of four to eight-cell stage embryos. At stage 10 the animal caps were explanted and ®xed in MEMFA for 1 h. The specimens were mounted¯at under a coverslip and the GFP-¯uorescence was detected on a Zeiss Axioplan microscope.
